In this paper we present the combined speech and channel coding scheme for half rate (8 kbps/user) digital'cellular application. The speech coding algorithm is Code-Excited Linear Prediction (CELP) and the channel codes used are punctured Reed-Solomon codes. A preliminary study on combining CELP and rate-compatible convolutional codes was also conducted. Unequal error protection of different speech elements i s employed. The error-protected digits are sent through the digital cellular channel via nI4-QPSK modulation [l]. The channel is assumed to introduce Rayleigh flat fading and additive Gaussian noise. The received signal is demodulated through differential detection. The performance of our codec has been studied for different received SNR, fade rates, and interleaving delays.
Introduction
In a CELP coder, speech signals are represented by parameters such as LPC coefficients, pitch period, pitch gain, excitation index and excitation gain. It provides high quality speech at low bit rates [2] . When these parameters are transmitted over a physical channel characterized by significant channel noise, the quality of the reconstructed speech degrades significantly from that achieved in clean channel conditions. Error protection must be applied to preserve acceptable speech quality under noisy conditions.
In the following sections, we will present the error protection scheme for a CELP coder for mobile radio applications. The total bit rate available is 8 kb/s, of which about 6.4 kb/s is available for source and channel coding 131, 1.5 kb/s is used for system overhead and the remaining 0.1 kb/s or so are left for other use, such as error detection.
Since our study is aimed at mobile radio applications, the communication channel is modeled as a Rayleigh fading channel, where the channel errors are bursty in nature [4] . We choose here the Reed-Solomon codes for error protection since they are meant to correct multiple errors [5] . Knowing that the different parameters of the source codec have different sensitivities to channel errors, the channel coding system should be able to provide unequal protection to different classes of parameters [6]. According to the requirement of unequal protection, rate-compatible punctured Reed-Solomon codes based on the Chinese remainder theorem with Shift-Register decod-
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ing have been used [7, 8] . We also present a preliminary study on the combined speech and channel codec with punctured convolutional codes for channel protection.
System Model
The system we considered in this study is shown in Fig.1 [9] . CELP was used as speech algorithm. The CELP encoder transforms the input digitized speech signal into an output binary stream at a rate of 4 kbps. This bit stream is then encoded by different punctured Reed-Solomon codes according to the corresponding bit sensitivities to channel errors. Prior to entering the channel, interleave1 was introduced to combat bursty errors.
shifted differential QPSK was adopted for digital modulation. The channel was modeled as a Rayleigh fading channel with complex, stationary, zero mean Gaussian random process g(t) with a normalized autocorrelation function, ~( 7 ) .
At the receiver end, the demodulator uses differential coherent detection. The output of the channel decoder is used by the CELP decoder to reconstructed (a distorted version of) the original analog speech. 
Error Protection Scheme
For most low rate speech coders like the CELP considered in this paper, the speech quality severely degrades due to transmission errors in the mobile radio channel. Our experiments show that the degradation depends significantly on the particular bits in error. T o arrive at an appropriate error protection scheme, we first examined the bit error sensitivities of different parameters. Then FEC are applied to provide unequal protection according to the bit error sensitivities.
Bit Sensitivity of Speech
The source decoder stores a replica of each codebook used by the source encoder. On a clean channel, the transmitted and received indices will be identical. However, on a noisy channel, the received indices will be different from the transmitted indices, and consequently the reconstructed parameters will be different from the ones chosen at the encoder. This may cause a large distortion between the original speech and the reconstructed speech. Errors at different bit positions have different level of influence on the quality of the reconstructed speech. That is, some bits in CELP are more sensitive to channel errors than the others. Before applying error protection, we should assess the bit error sensitivities. A bit error sensitivity test was carried out and detailed information can be seen in [9, 10] . Fig.2 shows the result of this test for each bit of the 140 bits in one speech frame. The correspondence between the bit numbers and parameters is given in Table 1 . It is shown that the gain parameters are more sensitive than the others, also the MSBs (most significant bit) need more protection.
Forward Error Correction
For mobile radio applications, the channel is characterized by bursty errors due to the Rayleigh fading process. As such, two different error protection approaches may be employed. One is to use interleaving to disperse the bursty errors and then use good random-error-correcting codes, such as convolutional codes. This work can be found in [IO].
The other method is to use burst-error-correcting codes such as the Reed-Solomon (RS) codes. RS codes are maximum distance separable (MDS) codes [SI. That the RS codes are burst-error correcting stems from the fact that a string of bit errors translates into a few symbol errors only. So, as long as the number of symbol errors is less than half the minimum distance of the code, they can be corrected.
As shown in the last section, unequal error protection i s required to efficiently mitigate the effect of channel errors on the reconstructed speech. Conventional RS codes are not quite suitable for this purpose because they offer little flexibility and require the use of multiple encoder and decoder pairs. In this study, we used punctured RS codes constructed by means of the Chinese remainder theorem. The details about the encoding and decoding procedures for these punctured codes can be found in [7, 8] . The important points to remember, though, is that punctured RS codes are also MDS codes, and that they require only one general encoding and decoding algorithm. 
Simulation Results
We simulated the combined CELP and punctured ReedSolomon codec (CELP/PRS) in Fig.1 under different channel and transmission conditions. Specifically, the normalized Doppler frequencies in the Rayleigh fading channel studied were f D T = 0.012 and 0.003. Note that f D T = 0.012 is equivalent to a vehicle speed of about 50 km/h for the 800-900 MHz band.
For error protection, first we optimize the bit allocation for unequal error protection according t o the Segmental SNR (SSNR) of the reconstructed speech, the interleaving delay, and the fields of RS codes. We considered four levels of error protection, which are provided by the rates 112, 213, 314 punctured RS codes, and no coding. With f D T = 0.012 and channel E,/No at 20 dB, we found out that with no interleaving delay, the best system uses Rs codes in G F p 5 ) with two levels of error protection. Specifically, a (17, 9) code was used to protect the most sensitive 45 bits, and a (29, 19) code was used to protect the remaining 95 bits in one speech frame. Note that with i-DQPSK modulation on a Rayleigh fading channel with fade rate = 0.012, 20 dB channel SNR equals a channel bit error rate of lo-'. that E, is the average symbol energy (over 2 bits) and 9 is the power spectral density of the bandpass noise. The performance of the 4 kbps CELP with no error protection and that for a clean channel are also included. As seen from Fig.3 , error protection provides more than 9.7 dB improvement in SSNR at a channel SNR of 20 dB. The total bit rate for this combined source and channel codec is about 6.5 kbps. Informal listening tests were performed with 4K CELP in a clean channel and on a bursty channel with FEC. The difference in speech quality in this two cases was imperceptible. It should be pointed out that the (17, 9) codes and the (29,19) codes were interleaved to provide a better performance without interleaving delay.
--On. c l c a n c h c l protection, a slower fade rate is preferable. On the other hand, for systems with error protection, it appears that fast fading provides better performance at lower channel SNR region.
In assessing the effect of interleaving on this system, we found out that for slower fading rate, interleaving brings more improvement. The comparison is shown in Fig.5 for foT = 0.003 and the interleaving delay are: 0 delay, a delay of one frame, and infinite interleaving. It is clear that at low channel SNR, interleaving is definitely required, whereas for high channel SNR, there is no need for interleaving (the 3 curves converge). On the other hand, at a normal vehicle speed where f D T = 0.012 (faster fading), the improvement provided by increasing the interleaving delay is very minimal. This leads us to believe that with RS codes, our system can provide good quality speech and requires little interleaving.
Study on Convolutional Codes
In our study of combined speech and channel coding, we also used rate-compatible punctured convolutional codes (RCPC codes) for channel protection. The class of punctured convolutional codes we employed are Hagenauer's codes with constraint length 5 [6] and decoding depth 30. For this application, we also conducted bit allocation test according to the bit error sensitivity of the speech elements. Four levels of p r e tection were tested, which were rate 112, rate 213, rate 415 and unprotected. With ~D T = 0.012 and channel SNR at 20 dB, the best allocation turned out to be: 38 most sensitive bits needed rate 112 protection, 88 less sensitive bits were protected by rate 213 code, 8 bits used rate 415 code, and the least sensitive 6 bits were left unprotected. The total bit rate for this combined codec is also about 6.5 kbps. We also simulated the combined CELP/RCPC codec under the same condition as that for combined CELP/Reed-Solomon codec. Some preliminary results are shown in the following figures. Figure 6 shows the performance of the Combined CELP/RCPC codec with f D T = 0.012. Specifically, it includes the performance of this combined codec with no interleaving delay and ideal interleaving. The performance of the uncoded 4K CELP on a Rayleigh fading channel and that on a clean channel are also included. We should point out that a 15x15 block interleaver was used to interleave the bits inside each frame without introducing interleaving delay. As shown in Fig.6 , error protection with RCPC codes provides about 9 dB improvement in SSNR at channel E,/No of 20 dB. It also provides large improvement at other channel SNRs. We can also see that interleaving does not have much effect on the system performance. Compared to punctured Reed-Solomon codes, it appears that convolutional codes are not as good as Reed-Solomon codes when channel SNR is higher than 14 dB, whereas they Lift the lower channel SNR region (lower than 14 dB) better than the RS codes. To provide a better perspective of the CELP/RCPC system, we show in Fig.7 the performance of this combined codec on the Rayleigh fading channel with different levels of interleaving at f D T = 0.003. Interleaving has more effect on system performance for slower fade rates as was the case for CELP/PRS codec. Also, at lower channel SNR, interleaving is necessary to provide good protection, while at high channel SNR, interleaving effect is negligible.
Conclusion
In our study, punctured Reed-Solomon codes are proposed as FEC scheme for digital cellular communications. As a set of multi-error-correcting codes, punctured RS codes not only can provide unequal error protection to the various speech elements of a CELP codec, but also do not require a large interleaving depth and consequently, the delay introduced by interleaving is almost negligible. Compared to unprotected speech signals, our best codec provides a 9.72 dB improvement in SSNR at a channel SNR of 20 dB. This performance in SSNR is only 0.16 dB worse from that achieved in a clean channel. Informal listening test shows no perceptible difference between the 4K CELP and the speech after error prrp tection. Convolutional codes were dso studied for this a p plication. Under the condition of no interleaving delay, the performance of CELP/RCPC codec at channel SNR of 20 dB is 0.78 dB worse in SSNR than that of CELP/PRS codec, while it performs better than the CELP/PRS codec at low channel SNR region (lower than 14 dB).
